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ABSTRACT  
Atomically thin boron nitride (BN) nanosheets have many properties desirable for surface 
enhanced Raman spectroscopy (SERS). BN nanosheets have a strong surface adsorption 
capability towards airborne hydrocarbon and aromatic molecules. For maximized adsorption 
area and hence SERS sensitivity, atomically thin BN nanosheet covered gold nanoparticles 
have been prepared for the first time. When placed on top of metal nanoparticles, atomically 
thin BN nanosheets closely follow their contours so that the plasmonic hot spots are retained. 
Electrically insulating BN nanosheets also act as a barrier layer to eliminate metal-induced 
disturbance in SERS. Moreover, the SERS substrates veiled by BN nanosheets show an 
outstanding reusability in the long term. As the result, the sensitivity, reproducibility and 
reusability of SERS substrates can be greatly improved. We also demonstrate that large BN 
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nanosheets produced by chemical vapor deposition can be used to scale up the proposed SERS 
substrate for practical application. 
 
KEYWORDS: boron nitride nanosheets, surface enhanced Raman spectroscopy (SERS), 
plasmonic metal particles, reusability, surface adsorption. 
 
INTRODUCTION 
Surface enhanced Raman spectroscopy (SERS) is an ultrasensitive and nondestructive 
analytical technique that has a broad range of application in physics, chemistry, biology, and 
medicine.1-4 Great advancements have been achieved in the field over the last decades by 
introducing plasmonically active metallic structures of various shapes,5-9 and detection at 
single-molecule level has been realized.10-11 Nevertheless, there remain several challenges. 
Conventional SERS substrates using noble metal nanostructures such as silver (Ag) or gold 
(Au) are not efficient in adsorption of non-thiolated aromatic molecules.12 Such substrates also 
have poor reproducibility due to substrate-induced disturbances caused by metal-catalyzed side 
reactions, charge transfer, and photo-induced damage, etc.13 In addition, there lacks a process 
that can produce effective SERS substrates at a large scale. Due to the high cost of noble metals 
and substrate fabrication, it is also highly desirable to achieve reusable SERS substrates. To 
solve these challenges, thin passivated layers of aluminum oxide (Al2O3) or silicon oxide 
(SiO2) were deposited on SERS substrates to reduce substrate-induced disturbances and 
improve reproducibility and reusability.14 However, a 1.5 nm thick Al2O3 film could weaken 
Raman enhancement by 75% because plasmon-induced electromagnetic fields, i.e. hot spots, 
decrease exponentially with distance.15 On the other hand, 5 nm thick Al2O3 film is required to 
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protect metal nanostructures from oxidation, as it is very difficult to produce atomically thin 
Al2O3 films that are pinhole-free. 
 
Graphene can partially solve the abovementioned challenges in SERS. When used to cover 
plasmonic metal nanoparticles, graphene can improve the sensitivity of SERS,16-23 reduce 
surface-induced disturbances,24 and protect Ag nanoparticles from oxidation at room 
temperature in a short term.25 However, graphene-based SERS substrates can hardly be 
reusable because graphene starts to oxidize at ~250 °C in air,26 while reusability normally 
requires a heating treatment at 350 °C or higher in oxygen-containing gasses. Boron nitride 
(BN) nanosheets, atomically thin layers of hexagonal BN, have a similar structure to graphene 
but possess many different physical and chemical properties.27-30 For example, BN nanosheets 
are electrically insulating with bandgaps of ~6 eV, and could sustain oxidation ~800 °C in air.13 
Therefore, they have been proposed to protect metals against oxidation and corrosion at high 
temperatures.31-32 However, compared to graphene, the use of BN nanosheets for SERS has not 
been much investigated. Ling et al. studied the Raman enhancement by BN nanosheets via a 
chemical mechanism, but the enhancement factor was too small for practical application.33 Lin 
et al. combined BN nanosheets with Ag nanoparticles through a solution process. The SERS 
substrate was reusable,34 but its enhancement decreased 60% after the first cycle of reuse. The 
current authors placed Au nanoparticles on top of atomically thin BN nanosheets for SERS, 
and high sensitivity and good reusability were achieved.35 Interestingly, the Raman 
enhancement increased with reduced thickness of BN nanosheets, suggesting superior surface 
adsorption capabilities of atomically thin BN.35 More recently, Dai et al. used a solution 
process for producing porous BN microfibers decorated by Ag nanoparticles, which could 
efficiently capture analyte molecules for improving Raman signals and be reused after 
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heating.36 It is expected that there is still room to further improve the design and effectiveness 
of BN nanosheets for SERS. 
 
Herein, we show for the first time that airborne organic molecules accumulated on atomically 
thin BN nanosheets over time. Such excellent adsorption property of BN can be valuable for 
SERS. For this purpose, atomically thin BN nanosheets were placed on plasmonic Au 
nanoparticles produced via physical routes. These SERS substrates showed dramatically 
improved sensitivity, reduced disturbance caused by metal nanoparticles, and outstanding 
stability and reusability. The design is readily scaled up using large BN nanosheets grown by 
chemical vapor deposition (CVD). 
 
EXPERIMENTAL SECTION 
Exfoliation of BN nanosheets. BN nanosheets on 90 nm thick silicon oxide covered Si wafer 
(SiO2/Si) were mechanically exfoliated from high-quality single crystal hBN37 using Scotch 
tape. An Olympus BX51 optical microscope equipped with a DP71 camera was used to locate 
atomically thin nanosheets, and then a Cypher atomic force microscope (AFM) was employed 
to measure their thicknesses using Si cantilevers.  
BN nanosheets veiled SERS substrates. A layer of Au film (~10 nm) was deposited on 
SiO2/Si wafer by a Bel-Tec sputter (SCD050). The sputtering current was 40 mA, and the 
sputtering time was in the range of 20-40 s. BN nanosheets were mechanically exfoliated on 
top of the Au film following the same procedure as on SiO2/Si. Subsequently, the substrates 
were annealed in Ar at 500 °C for 1h. For SERS tests, the substrates were immersed in 
rhodamine 6G (R6G, ≥95%, Fluka) or copper(II) phthalocyanine-tetrasulfonic acid 
4 
 
ACS Applied Materials & Interfaces 8, 15630, 2016  
(DOI: 10.1021/acsami.6b04320) 
 
tetrasodium salt (CuPc) aqueous (Milli-Q) solution for 1 h, followed by washing with water 
and drying in gentle Ar flow at room temperature. The CVD-grown BN nanosheet covered 
SERS substrate was produced following a similar procedure. In detail, CVD-grown BN (~20L 
thick) (Graphene Supermarket) was coated with a thin layer of poly(methyl methacrylate) 
(PMMA) before the copper substrate was etched and the polymer plus BN nanosheet was 
transferred onto SiO2/Si sputtered with ~10 nm Au film. The sample was annealed in Ar for 1 
h to transfer the Au film to nanoparticles. 
Characterization. The Raman spectra were collected using a confocal Raman (Renishaw 
inVia) with a 514.5 nm laser. A 100x objective lens with a numerical aperture of 0.90 was used, 
and the laser power was ~2.5 mW. All Raman spectra were calibrated with the Si band at 520.5 
cm-1. X-ray photoelectron spectroscopy (XPS) analyses were conducted on a monolayer (1L) 
BN produced by CVD in an ultrahigh vacuum chamber (∼10-10 mbar) of the soft X-ray 
spectroscopy beamline at the Australian Synchrotron, Victoria, Australia. The excitation 
energy was 750 eV, the E-pass was set to 20 eV for optimum energy resolution. The excitation 
photon energies were calibrated by the photon energy measured on a reference Au film. The 
binding energies were normalized by the C–C peak at 284.5 eV. The infrared spectra represent 
the average of 64 scans from a Bruker Lumos infrared spectrometer in ATR mode with a 
resolution of 4 cm-1. 
 
RESULTS AND DISCUSSION 
We found that atomically thin BN nanosheets were prone to adsorb airborne organic molecules, 
implying their excellent surface adsorption capabilities. To more quantitatively investigate 
such phenomenon, the thickness change of atomically thin BN nanosheets after exposed to air 
for different lengths of time was measured by AFM. As-exfoliated 1L, 2L and 3L BN 
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nanosheets had initial heights of 0.45±0.15, 0.90±0.10, and 1.10±0.10 nm, respectively, 
consistent with previous reports.30,35,38 The thickness of the 1L BN increased to 0.95±0.05 nm 
after exposure to ambient atmosphere for 3 weeks, and further expanded to 1.25±0.25 nm in 
the following 9 weeks, as shown in Figure 1. BN nanosheets of 2L and 3L also experienced 
thickness increase in the same period: to 1.65±0.05 and 2.25±0.25 nm after 12 weeks, 
respectively (Figure 1d and S1). Although there has been no report on the efficient adsorption 
of airborne hydrocarbon on atomically thin BN nanosheets, graphene and BN nanotubes have 
been found to spontaneously attract airborne organics in air.39-40 It should be noted that the 
exfoliated BN nanosheets were almost free of defects,30 and hence could reflect their intrinsic 
surface properties. 
 
Figure 1. AFM images and the corresponding height traces of a 1L BN nanosheet (a) before, 
after (b) 3 weeks, and (c) 12 weeks of exposure to ambient atmosphere, respectively; (c) 
thickness changes of 1L, 2L, and 3L BN nanosheets after exposure to air. 
 
The chemical composition of the adsorbates on atomically thin BN was analyzed using FTIR 
and Synchrotron-based XPS. Annealing at 450 °C in ultrahigh vacuum (~10-10 mbar) for 4 h 
was used to clean the starting BN nanosheet. According to in situ XPS analysis, the nanosheet 
was almost free of carbon (arrowed in black spectrum in Figure 2a). The BN nanosheet was 
then exposed to air for 34 weeks, which gave rise to much stronger carbon signals in XPS due 
to airborne adsorbates (red spectrum in Figure 2a). According to the least fitting of the XPS 
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spectra in the C 1s region, the adsorbates contained C–C/C–H bonds at 284.5 eV, along with 
C=C at 284.0 eV, C–O at 285.5 eV, C–O–C at 286.2 eV, and C=O at 288.0 eV, respectively 
(Figure 2b).41-42 The FTIR data agreed well with these XPS results. The three FTIR peaks in 
the range of 2800 and 3000 cm-1 can be attributed to symmetric and asymmetric stretching of 
methylene group (–CH2–) and asymmetric stretching of –CH3 group,40,43 suggesting that the 
airborne hydrocarbon adsorbed on atomically thin BN nanosheets has a similar chemical 
composition to that on graphene.40  
 
Figure 2. (a) XPS spectra of a 1L BN nanosheet before and after exposure to air; (b) high-
resolution XPS spectrum of the C 1s peak after air exposure; (c) FTIR spectrum of the same 
sample after exposure to air. 
 
The excellent adsorption property of atomically thin BN nanosheets towards organic molecules 
is useful for attracting analyte molecules and hence improving sensitivity in SERS. To 
maximize the adsorption surface, BN nanosheets were placed on top of plasmonic Au 
nanoparticles. It was realized by firstly sputtering an Au thin film (~10 nm) on SiO2/Si wafer, 
then mechanically exfoliating atomically thin BN on top, and subsequently annealing the 
substrate to obtain Au nanoparticles. Such fabrication route is straightforward, scalable, and 
have good control over the size and distribution of the plasmonic metal nanoparticles. 
7 
 
ACS Applied Materials & Interfaces 8, 15630, 2016  
(DOI: 10.1021/acsami.6b04320) 
 
Atomically thin BN nanosheets were located under an optical microscope, and their thickness 
was determined by AFM before annealing (Figure 3c). After annealing the Au film turned to 
nanoparticles, whose size and distribution could be controlled by sputtering time and annealing 
temperature, as shown in our previous study.35 The annealing gave 1L and 2L BN more optical 
contrast (Figure 3a v.s. 3b), which greatly facilitated the following SERS measurements. As 
shown in Figure 3d-f, BN nanosheets of different thicknesses wrinkled to different degrees due 
to their different flexibilities. The surface roughness of the 1L, 2L and 13L BN nanosheets 
(1L/Au, 2L/Au, and 13L/Au), and bare Au particles (Au/SiO2) were quantitatively 
characterized by height-height correlation function: 
                                                 𝑔𝑔(𝑥𝑥) = 〈(ℎ(?⃗?𝑥) − ℎ(?⃗?𝑥 − 𝑟𝑟)2〉                                                (1) 
where ?⃗?𝑥 is any specific point in the image, and 𝑟𝑟 is a displacement vector. The average height 
difference between any two points separated by a distance 𝑟𝑟 is described by the function 𝑔𝑔(𝑥𝑥).44 
Figure 3g shows the best fit of the function for bare Au nanoparticles, and 1L, 2L, and 13L BN 
nanosheets on Au nanoparticles. The root mean square (RMS) roughness of the 1L BN is ~3.5 
nm, which is quite close to that of the bare Au nanoparticles (~4.0 nm), indicating that the 1L 
BN closely followed the profile of the underneath particles. Moreover, the correlation lengths 
of the bare Au nanoparticles, 1L, 2L and 13L BN covered substrates were 37, 50, 54 and 100 
nm, respectively. Therefore, the roughness of BN nanosheets on Au nanoparticles increased 
with the decrease of nanosheet thickness. This is not surprising because atomically thin 
nanosheets are much more flexible and hence can deform to a much higher extent compared to 
thicker ones. According to SEM studies, the size distribution and separation of Au 
nanoparticles with and without BN coverage were quite similar (Figure 3h and Figure S3). 
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Figure 3. Optical microscopy images of BN nanosheets of different thicknesses on (a) Au film 
before annealing and (b) Au particles after annealing in Ar for 1 h; (c) AFM image of 1L and 
2L BN nanosheets on Au film before annealing;  AFM images of (d) 1L, (e) 2L  and (f) 13L 
BN veiled Au particles after annealing; (g) height-height correlations of 1L, 2L, and 13L BN 
nanosheets on Au nanoparticles, and bare Au nanoparticles (without coverage of BN) after 
annealing, and the continuous lines represent the best fit according to Eq. 1; (h) size distribution 
of Au particles underneath 1L, 13L, and bulk BN, and bare Au nanoparticles on SiO2/Si. 
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To test their Raman enhancement, the 1L, 13L, bulk BN covered Au substrates (abbreviated to 
1L/Au, 13L/Au, bulk/Au, respectively), and bare Au particles without BN (Au/SiO2) substrates 
were immersed in R6G aqueous solution (10-7 M) for the same period. The Raman signals from 
R6G were most prominent from 1L/Au and decreased with the increase of BN thickness, e.g. 
13L/Au and bulk/Au (Figure 4a). It should be emphasized that the sensitivity of 1L/Au is higher 
than that reported before.34 The difference should not be caused by Au particles because their 
size and distribution were similar with the coverage of BN nanosheets of different thicknesses 
(Figure 3h). The stronger Raman signals from 1L/Au can be attributed to the better retained 
plasmonic hot spots. As illustrated in Figure 4b, atomically thin BN nanosheets were more 
flexible, and hence highly conformed to the underlying Au nanoparticles so that the analyte 
molecules are closer to the plasmonic hot spots; in contrast, thicker BN layers were much less 
deformed, and analytes were further away from the plasmon-induced electromagnetic fields 
which decayed exponentially with distance.45 Molecules on Au/SiO2 should have the closest 
distance to the hot spots, but the SERS signal was quite weak (Figure 4a). This was because 
Au and SiO2 were inefficient in capture of R6G molecules during immersion. That is, much 
fewer amounts of analyte molecules were adsorbed on Au/SiO2, greatly depressing the SERS 
signals. These were further confirmed by the measurements of the enhancement factors of 
different SERS substrates (see Supporting Information). In contrast, atomically thin BN has a 
strong adsorption capability towards aromatic molecules due to π-π interactions, and much 
more R6G molecules were attracted during immersion. The stronger adsorption capability of 
atomically thin BN nanosheets is due to conformational change, and polarity of BN should not 
contribute to such phenomenon. The details will be discussed elsewhere. Another advantage of 
the design is that BN nanosheets separate the analytes from metal nanoparticles so that 
substrate-induced disturbance to Raman signals is eliminated. It was not rare that Au/SiO2 
substrates showed extraneous Raman peaks that could not be assigned to R6G (arrowed in 
10 
 
ACS Applied Materials & Interfaces 8, 15630, 2016  
(DOI: 10.1021/acsami.6b04320) 
 
Figure 4c). These extraneous peaks should be due to side reactions or photo-induced damage 
catalyzed by Au nanoparticles.13 In contrast, BN nanosheet veiled areas always gave “clean” 
Raman features of R6G (lower in Figure 4c). This is the first time that such effect has been 
reported on BN nanosheets as substrates for SERS. Therefore, atomically thin BN on top of 
plasmonic nanostructures could greatly improve SERS sensitivity and eliminate undesirable 
substrate-induced disturbance. 
 
Figure 4. (a) SERS spectra from 1L/Au (monolayer BN on Au nanoparticles), 13L/Au (13 
layer thick BN on Au nanoparticles), bulk/Au (bulk hBN on Au nanoparticles), and Au/SiO2 
(bare Au nanoparticles on SiO2 without BN coverage) substrates after immersion in 10-7 M 
R6G solution, and # represents Raman G band of bulk hBN; (b) schemes illustrating that 
thinner BN nanosheet covered substrate has stronger SERS enhancement. (c) SERS spectra of 
R6G from BN veiled region (red) and non-protected region (black), with extraneous peaks due 
to substrate-induced disturbance arrowed. 
 
The BN nanosheet veiled SERS substrates have outstanding stability and reusability. As shown 
in our previous report,30 BN nanosheets have excellent thermal stability: 1L BN can sustain 
~800 °C in air. Kostoglou et al. also studied the weight loss of BN nanoplates as a function of 
temperature in air.46 Hence, the adsorbed analyte molecules could be effectively removed by 
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short time heating in air without damage of BN nanosheets. To better demonstrate how 
effective the regeneration process is, we used R6G and CuPc alternately as probe molecules 
which had different Raman features. That is, 1L/Au was first soaked in R6G solution (10-6 M) 
for SERS, and then heated at 400 °C in air for 5 min to burn off R6G, and reused by immersion 
in CuPc solution (10-6 M) for SERS, and so on. As shown in Figure 5a, the Raman signals of 
R6G and CuPc from 1L/Au did not interfere in each cycle. To show this more clearly, the 
highlighted region in Figure 5a is enlarged in Figure 5b. The Raman peaks at 612 and 680 cm-
1 represent C–C–C in-plane bend in R6G47 and N–Cu stretch and outer ring stretches in CuPc,48 
respectively. The 612 cm-1 peak was present only in R6G cycles (Cycle 0, 2, and 4), and 
undetectable in CuPc cycles (Cycle 1, 3 and 5), and vice versa. It means that the heating at 400 
°C in air was very effective in removing these analyte molecules (black in Figure 5a and b). 
The spectrum after heating (black in Figure 5a) also shows that the Raman signature (i.e. G 
band) of atomically thin BN nanosheets is so weak that it does not interfere with or introduce 
extraneous peaks to the signals of analytes. In a control experiment, if 1L/Au was not heated 
before the next cycle, the signals of both R6G and CuPc were present (see Supporting 
Information, Figure S5). The Raman enhancement of 1L/Au did not decrease after 5 cycles 
(Figure 5c), as the BN nanosheet was intact from the heating treatments (see Supporting 
Information, Figure S6). To test its long-term stability, 1L/Au was heated at 400 °C in air for 
extended periods. There was no decrease of enhancement after heating for up to 1000 min 
(~16.7 h); the SERS sensitivity plummeted only after 2500 min (41.7 h) heating, indicating the 
loss of the 1L BN and its excellent adsorption towards R6G (see Supporting Information, 
Figure S7).  
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Figure 5. (a) Reusability tests of 1L/Au using R6G and CuPc alternately after heating at 400 
°C in air for 5 min; (b) enlarged view of the highlighted region in (a); (c) relative intensity 
changes of 612 and 680 cm-1 peaks after reusability cycles. 
 
Figure 6. Raman spectra of R6G from 1L/Au after heat treatment at 400 °C in air for 0, 500, 
1000 and 2500 min. 
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The proposed BN nanosheet veiled SERS substrates are easily scaled up if large BN nanosheets 
produced by CVD are used. Figure 7a shows a photo of a CVD-grown BN nanosheet covered 
Au SERS substrate (CVD-BN/Au), and the size of the BN nanosheet was ~6×4 mm. Figure 7b 
shows the Raman G band of the BN nanosheet. The boundary between the BN nanosheet and 
Au nanoparticles can be clearly seen under optical microscope (Figure 7c). Similarly, CVD-
BN/Au showed stronger Raman signals than the bare Au without BN. The higher enhancement 
from BN nanosheet covered area can be also attributed to its higher adsorption capability. To 
show the homogeneity of the enhancement, Raman mapping was conducted in the squared area 
in Figure 7c. The mapping in Figure 7e confirms that SERS signals were much more 
pronounced from the BN area, and the enhancement was relatively uniform. The CVD-BN/Au 
substrate was also reusable (see Supporting Information, Figure S8). Therefore, BN nanosheet 
veiled SERS substrates have a potential in practical application.  
 
Figure 7. (a) Photo of a CVD-grown BN nanosheet transferred on Au substrate; (b) Raman 
spectra of the CVD-grown BN; (c) optical microscopy image of the CVD-grown BN on Au; 
(d) Raman spectra of R6G (10-6 M) from CVD-BN/Au (upper) and Au/SiO2 (lower); (e) Raman 
mapping of the 612 cm-1 peak of R6G (10-6 M) in the squared area in (c) with the lowest signal 
set as 0.0 and the highest as 1.0. 
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CONCLUSIONS 
Atomically thin BN nanosheets showed strong surface adsorption of airborne hydrocarbon and 
aromatic molecules. Such property makes them attractive substrates for SERS application. 
When placed on top of plasmonically active metal nanostructures, atomically thin BN 
nanosheets greatly increased the number of analyte molecules per unit area, and hence 
improved the sensitivity and reproducibility of SERS substrate. Furthermore, the SERS 
substrates veiled by BN nanosheets were highly reusable without loss of Raman enhancement 
after regeneration by heat treatment in air even over a long period (e.g. 400 °C for 1000 min).  
We also demonstrated the scale-up of the SERS substrate using CVD-grown BN nanosheet for 
the first time. This study contributes to an improved Raman sensitivity and promotes a wider 
use of SERS in various fields. 
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